The number and quality of endothelial progenitor cells (EPCs) are damaged to varying degrees in patients at risk for developing atherosclerosis. The improvement of the quantity and functions of EPCs can enhance repair of injured endothelial monolayer resulting in inhibiting atherosclerosis. The purpose of this study was to investigate the effect of pinocembrin (PIN), a major flavonoid in propolis on the differentiation and biological functions of EPCs and the potential mechanisms of these effects. Flow cytometry analysis revealed that PIN treatment increased the number of CD34
Introduction
Impaired vascular endothelium is one of the first signs of atherosclerosis development (Ross 1993) . Repair of the endothelium by neighboring endothelial cells and the mobilization of endothelial progenitor cells (EPCs) from bone marrow or other organs is important for the prevention of atherosclerosis progression (Fujiyama et al. 2003) . In patients at risk for developing atherosclerosis the number and quality of EPCs are damaged to varying degrees so that the physiological equilibrium between endothelial damage and regeneration is disturbed. This leads to endothelial damage, enhanced endothelial permeability to monocytes and lipids and allows vascular smooth muscle cells to migrate to the intima and proliferate excessively, resulting in the formation of neointimal lesions. So improvement of quantity and functions of EPCs, such as proliferation, migration, adhesion, NO production and tube formation in vitro, can enhance repairment of injured endothelial monolayer, which can inhibit initiation and progression of atherosclerosis (Fujiyama et al. 2003) .
Propolis is a natural substance derived from buds and exudates of certain trees and plants in the beehives. Pinocembrin (PIN, 5,7-dihydroxyflavanone), one of the major flavonoids in propolis, exhibits many pharmacological activities, including anti-inflammatory, antioxidant, anti-thrombotic, antimicrobial, anti-allergic, hepatoprotective, anti-viral, cancer chemopreventive, anti-asthmatic and endothelium-relaxation effects (Sala et al. 2003; Santos et al. 1998; Hwang et al. 2003; Pepeljnjak et al. 1985) . A recent study found that low-doses of PIN provide acute neurovascular protection in a glutamate injury model partly through the inhibition of p53 expression and cytochrome c release and by changing the Bax/Bcl2 ratio (Gao et al. 2008) . High doses of PIN induce mitochondrial apoptosis in a variety of cancer cells but are nontoxic to human umbilical cord endothelial cells (Kumar et al. 2007 ). Our previous study found that PIN treatment significantly reduced atherosclerotic plaque area, plasma lipid levels, and increased the levels of plasma NO in apoE -/-mice fed a high-fat diet for 14 weeks. In an intima damage model, mobilization of EPCs can repair damaged intima, suppress smooth muscle cell activity in the tunica media, and inhibit neointima formation. We hypothesized that the ability of PIN to inhibit the progression of atherosclerosis may be due to increases in the number and function of EPCs, leading to an increased ability to restore damaged intima. The present study finds that PIN stimulates the differentiation of bone marrow-derived MNCs into EPCs in vivo and in vitro and improves the biological functions of EPCs partly via PI3K-eNOS-NO pathway in vitro.
Materials and methods

Animals
Eight-week-old apoE -/-mice were purchased from the institute of Laboratory Animal Science, Chinese Academy of Medical Sciences and randomly separated into 3 groups (high-fat diet, high-fat diet with low dose PIN at 10 mg/kg/d, or high-fat diet with high-dose PIN at 20 mg/kg/d), 12 mice each group. PIN from propolis dissolved in honey was intragastrically administered for 14 weeks, and high-fat group was intragastrically administered with the same dosage of honey. All animal procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the Taishan Medical University. The protocol was approved by the Committee on the Ethics of Animal Experiments of Taishan Medical University (Permit Number: 2011-001). All surgery was performed under chloral hydrate anesthesia, and every effort was made to minimize suffering.
Isolation and in vitro culture of rat bone marrowderived EPCs 4-8 weeks old SD rats were sacrificed by cervical dislocation after anesthetization with intraperitoneal injection of chloral hydrate (Tianjin, China) at a dose of 380 mg/kg. Rat bone marrow-derived MNCs were isolated by density gradient centrifugation with Ficoll, as previously described (Yin et al. 2008) . MNCs were seeded on fibronectin-coated plates at a density of 10 6 cells per cm 2 in EGM-2MV (Lonza, Verviers/B, Endothelial cell basal medium-2, plus FBS, VEGF, R 3 -IGF-1, rhEGF, rhFGF-B, GA-1000, hydrocortisone and ascorbic acid). After 3-4 days, non-adherent cells were removed, and fresh medium was added.
Immunocytochemistry
DiI-ac-LDL uptake and FITC-UEA binding assays were performed as previously described (Yang et al. 2011) . MNCs were cultured for 10 days, incubated with 2.5 mg/L DiI-ac-LDL (Molecular Probes, Eugene, OR, USA) for 2 h at 37°C, and then fixed for 5 min with 1-2 % paraformaldehyde. The fixed cells were washed with PBS, incubated with 10 mg/L of FITC-UEA (Sigma, St. Louis, MO, USA) for 1 h at 37°C, and analyzed using a fluorescence microscope.
After fixation in 2 % paraformaldehyde for 10 min, the differentiated MNCs were blocked with goat serum at room temperature for 30 min, incubated with antirat FLK-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and vWF (Boster Corp., Wuhan, China) for 1 h at 37°C, washed with PBS, and then incubated with secondary antibodies conjugated with Cy3 or FITC (Santa Cruz Biotechnology) for 30 min at 37°C. The slides were imaged using a fluorescence microscope.
Measuring the biological functions of EPCs
Cell proliferation EPC proliferative capacity was measured using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay as previously described (Yin et al. 2008) . After serum starvation for 24 h, cells were treated with PIN (1.25-200 mg/L, Sigma) dissolved in DMSO or pretreated with PI3-kinase inhibitor (LY294002) or NOS inhibitor (L-NAME) before treatment with PIN. After 24 h, 20 lL of MTT (5 g/L) (Sigma) was added to each well, and the cells were cultured for an additional 4 h at 37°C. The culture medium was removed, and 150 lL of dimethyl sulfoxide (DMSO, Gibco -Life Technologies, Carlsbad, CA, USA) was added to each well. Cell proliferation was photometrically determined at a wavelength of 490 nm.
Cell adhesion
EPCs were treated with PIN (1.25-25 mg/L), LY294002 (20 lM), L-NAME (100 lM) or the same dosage of DMSO as control group, and digested with 0.25 % trypsin. Control and treated EPCs (10 5 cells/ ml) were then seeded on 96-well plates for 30 min. Dishes were vigorously washed three times with PBS, and the number of adherent cells was calculated as the average of five fields counted by independent blinded investigators under a microscope (magnified 109).
Cell migration
The ability of EPCs to migrate was measured using a 8 lm pore 24-well Cell Migration Assay kit (BD Biosciences, San Jose, CA, USA). EPCs pretreated with LY294002 or L-NAME for 1 h, were treated with PIN (10-20 mg/L) and digested with 0.25 % trypsin.
The same number of cells in M199 was placed in the upper compartment of the transwell chamber. The lower compartment was filled with EGM-2MV. After 24 h, the upper cells were removed, and the lower cells were fixed and stained with DAPI and counted under a fluorescence microscope (magnified 109).
Formation of tubes in vitro
An in vitro angiogenesis assay was performed as previously described (Loomans et al. 2006) . EPCs pretreated with LY294002 or L-NAME for 1 h, were treated with PIN (10-20 mg/L) and digested with 0.25 % trypsin. Equal numbers of EPCs were seeded on matrigel. After 18 h, the formation of tubes in the different groups was detected under a microscope (magnified 49). The average of the total length of complete tubes formed by cells was compared by using computer software, Image-Pro Plus.
Concentration of NO in the media
The detection of NO released from EPCs was conducted with a NO assay kit (Nanjing Jiancheng Institute of Biological Engineering, China). 100 ll of supernatant from cultured EPCs was used to detect NO levels in the different groups at 550 nm. Total protein in EPCs was extracted with RIPA lysis buffer, and quantitated by the BCA method. The NO-releasing ability of EPCs was calculated as the ratio of NO concentration (lM) to total protein (lg).
Western blotting
Total protein was extracted from EPCs with RIPA lysis buffer and quantitated using the BCA method. Protein (30 lg) was electrophoresed on a 10 % denaturing polyacrylamide gel and transferred to PVDF membrane (Millipore, Billerica, MA, USA). The membrane was incubated overnight with the following primary antibodies: rabbit anti-rat p-AKT (CST), rabbit anti-rat AKT (CST), goat anti-rat p-eNOS (Santa Cruz), and rabbit anti-rat eNOS (Santa Cruz). The membrane was then exposed to the corresponding secondary antibodies conjugated to horseradish peroxidase (Santa Cruz) and detected using the Phototope-HRP Western Detection Kit (Thermo Fisher Scientific, Waltham, MA, USA).
FCM detection of EPC surface markers MNC surface markers from cells isolated from the peripheral blood of apoE -/-mice were detected by labeling whole blood samples with monoclonal antibody against mouse FITC-CD34 (BD), monoclonal antibody against mouse PE-FLK-1 (BD), monoclonal antibody against mouse APC-CD133 (BD) and monoclonal antibody against mouse FITC-CD45 (BD). A gating strategy and isotype-identical antibodies were employed to exclude debris and nonspecific fluorescent signals.
EPCs were treated with 10 mg/L PIN (Sigma) for 24 h. Adherent cells were digested into a single-cell suspension, blocked for 30 min and incubated with FITC-CD34 (BD), rabbit anti-rat CD133 (Abcam, Cambridge, CA, USA), and mouse anti-rat FLK-1 (Santa Cruz) separately for 30 min at 4°C. After two PBS washes, the cells were incubated with FITC-goat anti-rabbit secondary antibody (BD) and APC-labeled goat anti-mouse secondary antibody (BD) for 30 min at 4°C, washed twice with PBS, and fixed with 4 % paraformaldehyde. Isotype-identical antibodies, FITC-goat anti-rabbit secondary antibody and APClabeled goat anti-mouse secondary antibody were used to exclude false positives. EPC surface markers were then analyzed by flow cytometry.
Statistical analysis
Statistical analysis was performed using the software program SPSS11.5. All data are presented as mean ± SEM. Intergroup comparisons were performed using a paired Student's t test or ANOVA. Probability values less than 0.05 were interpreted as being statistically significant.
Results
Pinocembrin affects EPC markers in MNCs derived from the peripheral blood of apoE -/-mice and in EPCs derived from rat bone marrow Eight-week-old apoE -/-mice were randomly separated into 3 groups: high-fat diet (C), high-fat diet with low dose PIN (10 mg/kg/d) (PL), and high-fat diet with high-dose PIN (20 mg/kg/d) group (PH). PIN was intragastrically administered for 14 weeks. (Fig. 1a, b) , while there was no obvious change for CD45
? MNCs in PIN groups and the high-fat diet control group (Fig. 1c) (Fig. 1d) .
Identification of EPCs from rat bone marrow in EGM-2MV
Rat bone marrow MNCs differentiated into EPCs following treatment with EGM-2MV for 11 days. The differentiated EPCs exhibited spindle or cobblestonelike morphology (Fig. 2a, b) , absorbed ac-LDL and bound lectin (Fig. 2c, d ). EPCs were also induced to differentiate into mature ECs with the expression of FLK-1 and vWF (Fig. 2e, f) .
Pinocembrin affects the biological functions of EPCs
At doses lower than 50 mg/L, PIN significantly improved the proliferative ability of EPCs (Fig. 3a) ; however, at doses higher than 50 mg/L, PIN inhibited EPC proliferation, which might be due to the fact that PIN at higher doses promote EPCs apoptosis (Kumar et al. 2007 ). Similar dose-dependent effects of PIN on the migratory, adhesion and tube-forming abilities of EPCs were observed (Fig. 3b-d) . In summary, PIN enhances some EPC biological functions in a dosedependent manner.
Pinocembrin stimulates protein kinase B (PKB/ Akt), phosphorylates eNOS at serine residue 1177 and promotes NO release from EPCs PIN treatment increased NO release from EPCs (Fig. 4a) . The expression patterns of some proteins in the PI3K-eNOS-NO signaling pathway were identified. Expression of p-Akt (Fig. 4b, c ) and p-eNOS (Fig. 4b, d ) was increased in EPCs treated with PIN compared with EPCs cultured in basic medium (BM, M199 with 10 % FBS).
LY294002 and L-NAME partly inhibit pinocembrin-induced biological functions of EPCs
The ability of PIN to enhance EPC proliferation (Fig. 5a), adhesion (Fig. 5b), migration (Fig. 5c) , and in vitro tube formation (Fig. 5e) was significantly inhibited by the PI3-kinase inhibitor LY294002 (20 lM). L-NAME (100 lM), a NOS inhibitor, partly inhibited the effect of PIN on EPC proliferation (Fig. 5a ) and adhesion ( Fig. 5b) but had no significant effect on the ability of PIN to increase EPC migration (Fig. 5c ) or in vitro tube formation (Fig. 5e) . When LY294002 was added to cells prior to the addition of PIN, the concentration of NO released from EPCs was not increased (Fig. 5d) , and p-Akt (Fig. 4b, c) and p-eNOS (Fig. 4b, d ) expression decreased.
Discussion
Classical risk factors for atherosclerosis, such as smoking, hypercholesterolemia, diabetes, and hypertension, have been shown to decrease the number and function of EPCs, leading to the impairment of the endogenous repair system in the endothelial monolayer (Vasa et al. 2001; Chen et al. 2004) . Therefore, the ability to restore the number and function of EPCs would provide novel therapies for the treatment of atherosclerotic and ischemic diseases. The number and function of EPCs has been shown to be increased by certain drugs such as aspirin, calcium antagonists, and PDE5 inhibitors (Chen et al. 2006 ; Sugiura et al. Dussault et al. 2009 ). Although the effect of PIN on EPCs has not been studied previously, Du suggests that PIN induces the relaxation of rat aortic rings through endothelium-dependent and -independent pathways (Zhu et al. 2007) and that it exerts an acute neurovascular protective effect against permanent focal cerebral ischemia (Guang and Du 2006) . Our group members have found that PIN can significantly reduce atherosclerotic plaque area. In the present study we find that PIN treatment in apoE -/-mice increases EPC numbers in peripheral blood. To further characterize the effect of PIN on EPC differentiation, we isolated SD rat bone marrow MNCs and observed that PIN treatment stimulated the differentiation of MNCs into EPCs. We suggest that the decrease in atherosclerotic plaque area in PIN-treated groups is possibly Fig. 3 Pin treatment affects the biological functions of EPCs. a The effects of different concentrations of Pin on the proliferative capacity of EPC. Pin (5-50 mg/L) significantly increases the ability of EPC to proliferation, while Pin (C100 mg/L) significantly inhibits the ability of EPC to proliferate. Data are presented as mean ± SEM (n = 6) from at least three independent experiments. **p \ 0.01 versus Pin (0 mg/L). b Pin treatment affects the migration of EPCs. Data are presented as mean ± SEM (n = 5) from at least three independent experiments. **p \ 0.01 versus Pin (0 mg/L). associated with the differentiation of MNCs into EPCs. The signaling pathways involved in PINinduced EPC differentiation in vivo and in vitro will be investigated in future studies. At present, no specific antigen is used to identify EPCs in peripheral blood (Schatteman et al. 2007 ). CD34 and CD133 have generally been used as markers of progenitor and hematopoietic stem cells (Murohara 2001) . CD34 is expressed at low levels in mature endothelial cells (Fadini et al. 2005) , while CD133 is absent from mature endothelial and monocytic cells (Salven et al. 2003 ? MNCs in PIN groups and the high-fat diet control group.
Some drugs, such as the platelet inhibitor aspirin, the HMG-CoA reductase-inhibitor statins, and the calcium antagonist nifedipine, can increase EPC numbers, and enhance the proliferation, migration, adhesion and vasculogenic capacity of EPCs through the PI3K/AKT/eNOS pathway. A PPARc agonist increased circulating and cultured EPC levels and promoted EPC hypoxia-directed migration in a PI3K, Fig. 5 Pin-induced upregulation of biological functions of EPCs are partially inhibited by LY294002 and L-NAME. a LY294002 (20 lM) and L-NAME (100 lM) block the Pin-induced increase in the proliferative capacity of EPCs. Data are mean ± SEM (n = 6) from three independent experiments. *p \ 0.05 versus Pin, # p \ 0.05 versus Pin ? LY. b LY294002 (20 lM) and L-NAME (100 lM) block the Pininduced increase in the attachment ability of EPCs. Data are mean ± SEM (n = 3) from three independent experiments. *p \ 0.05 versus Pin (10 mg/L). # p \ 0.05 versus Pin ? LY. c LY294002 (20 lM), but not L-NAME (100 lM), blocks Pininduced increase in EPC migratory capacity. Data are mean ± SEM (n = 5) from three independent experiments. **p \ 0.01 versus Pin (10 mg/L). d LY294002 blocked the Pin-induced increase in EPC NO release. Data are mean ± SEM (n = 4) from three independent experiments. **p \ 0.01 versus Pin (0 mg/L). e LY294002, but not L-NAME, blocks the Pininduced increase in the in vitro tube formation of EPCs. The total length of tubules (% of EPCs in Pin ? LY group) was compared. Data are mean ± SEM (n = 3) from three independent experiments. **p \ 0.01 versus Pin ? LY but not eNOS, -dependent manner (Gensch et al. 2007 ). The ability of telmisartan, an angiotensin II receptor blocker, to improve the migration, apoptosis, and colony-forming and neovascularization abilities of EPCs, depends on the PI3K/AKT and PPARc pathways but does not upregulate eNOS expression (Honda et al. 2009) . In this study, we found that PIN significantly increased the proliferation, migration, adhesion and vasculogenic capacity of EPCs, and increased p-eNOS expression and NO release levels. LY294002, a PI3K inhibitor, inhibited the PINinduced increase in EPC proliferation, migration, adhesion, NO release levels and the formation of tubes in vitro. Yin reported that inhibition of NO can attenuate the adhesion-promoting effects of AngII on EPCs (Yin et al. 2008) , and Huang et al. showed that EPC proliferation is dependent on the PI3K/AKT/ eNOS pathway (Huang et al. 2010) . In the present study, we found that L-NAME inhibited the ability of PIN to increase EPC proliferation and adhesion, but it did not significantly inhibit the effect of PIN on EPC migration and in vitro tube formation. It is possible that PI3K affects EPC migration and tube formation through downstream signaling pathways not dependent on the PI3K/AKT/eNOS pathway. This study found that LY294002, a PI3K inhibitor, blocked PINinduced eNOS phosphorylation at serine residue 1177, which indicates that the effect of PIN on eNOS activity is dependent on PI3K/AKT. These findings are consistent with the results from Dimmeler et al. showing that VEGF actives PI3K/AKT to phosphorylate eNOS at serine residue 1177 (Dimmeler et al. 1999) .
Many signaling pathways, such as P38 MAPK (Tang et al. 2011) , Notch/Jagged1 (Ii et al. 2010) , and RhoA/Rock (Xu et al. 2009 ), influence the differentiation and biological functions of EPCs. Whether PIN-induced regulation of EPCs involves other signaling pathways remains to be investigated.
In the initiation of atherosclerosis, injured endothelial monolayer was repaired with circulating EPCs and bone marrow-derived EPCs to inhibit the atherosclerosis progression. The level of circulating EPCs can predict atherosclerotic disease progression and future cardiovascular events (Werner et al. 2005) . Therefore improving the level and function of circulating EPCs by pharmacological strategies may provide new insights into clinical therapeutic potential. In this study, PIN can stimulate the differentiation of MNCs into EPCs both in vivo and in vitro, and improve the biological functions of bone marrowderived EPCs in a PI3K-dependent manner. PINinduced effects on EPC proliferation and adhesion involves the PI3K/AKT/eNOS pathway. These findings may explain the inhibitory effect of PIN on atherosclerosis in ApoE -/-mice, and further provide a new pharmacological strategy to inhibite of atherosclerosis progression through enhancing the level and function of EPCs.
